A gene for 2,5-diketo-D-gluconate (25DKG) reductase, which encodes an enzyme composed of 277 amino acid residues catalyzing the reduction of 25DKG to 2-keto-L-gulonate (2KLG), was cloned from Corynebacterium sp. strain SHS752001 and expressed in Erwinia citreus SHS2003, a strain which oxidizes glucose to 25DKG. The recombinant microorganism converted glucose to 2KLG, a compound which can be readily converted to L-ascorbate (vitamin C). Improvements in the yield of 2KLG were obtained by changing fermentation conditions, using the PL promoter of bacteriophage lambda to express the reductase, and selecting a mutant of E. citreus which could use neither 25DKG nor 2KLG as a sole carbon source for growth. When a culture of the recombinant strain was fed with glucose to a total of 40 g/liter, 49.4% of the glucose was converted to 2KLG during a 72-h fermentation.
L-Ascorbate (vitamin C) can be readily produced from 2-ketO-L-gUlonate (2KLG) by chemical procedures which form part of the Reichstein process (17, 18) . Sonoyama et al. (22) described a method for producing 2KLG by means of a two-stage fermentation. In the first fermentation, glucose is oxidized to 2,5-diketo-D-gluconate (25DKG) by a mutant strain of Erwinia punctata (SHS2629001). The 
intermediate products are D-gluconate and 2-keto-D-gluconate (2KDG).
The pathway for this conversion therefore appears to be similar to that previously reported for Acetobacter melanogenus by Katznelson et al. (10) and for Pseudomonas albosesamae by Wakisaka et al. (26) . The mutant of E. punctata SHS2629001 converted glucose to 25DKG, producing a final concentration of 328 mg of calcium-25DKG (Ca-25DKG) per ml within 26 h. The culture broth containing 25DKG was treated with sodium dodecyl sulfate (SDS) to reduce the number of viable Erwinia cells, mixed with glucose, and then fed to a culture of Corynebacterium sp. strain SHS752001. This microorganism converts 25DKG to 2KLG by a stereospecific reduction at the C-5 position catalyzed by a 25DKG reductase; 2KLG accumulates in the culture broth to a concentration of 105 mg/ml.
We report here the conversion of glucose to 2KLG in a single fermentation by a recombinant strain of E. citreus. The gene specifying the 25DKG reductase, which catalyzes the conversion of 25DKG to 2KLG in Corynebacterium sp. strain SHS752001, was isolated and expressed in strains of "Erwinia citreus" SHS2003 (ATCC 31623) (T. Sonoyoma, S. Yagi, B. Kageyama, and M. Tanimoto, European patent application 81106348. 6, 1984) which oxidize glucose to 25DKG. The recombinant microorganisms therefore have all the necessary enzymes for converting glucose to 2KLG. Fermentation yields were improved by using mutants defective in the use of 25DKG or 2KLG as a sole carbon source for growth, by changes in fermentation conditions, and by changing the promoter used for expressing the Corynebacteriuim reductase. Anderson et al. (1) reported a similar conversion of glucose to 2KLG by Erwinia herbicola carrying a cloned reductase, which is different from the one described here.
MATERIALS AND METHODS
Strains and culture conditions. The strains used are listed in Table 1 . Strains were routinely stored in L-broth (13) containing 15% glycerol at -70°C. Bacterial inocula for all experiments were taken from these glycerol stocks, streaked onto L-broth agar, and incubated for 24 6.8) . For production of 2KLG from 25DKG in 100-ml shake flasks, bacteria were added (to an A650 of 0.2) to 10 ml of a medium (pH 6) (24) were labeled with 32P and used to screen colonies carrying recombinant plasmids by the procedures described by Wallace et al. (27) . DNA sequences were determined by the chain-termination method of Sanger et al. (19) ; confirmation of the sequence of both strands was made by the method of Maxam and Gilbert (15) .
Genetic techniques. Restriction endonucleases, alkaline phosphatase, T4 DNA ligase, and the large Klenow fragment of DNA polymerase I (all obtained from New England Biolabs) were used to generate recombinant plasmids by methods previously described (2, 7) . Chromosomal DNA was isolated as described by Marmur (13) . Plasmid DNA was isolated as described previously by a modified version of the method described by Birnboim and Doly (3). Plasmids were transformed into E. coli K-12 as described by Cohen et al. (5) and into strains of Erwinia by using either the method of Cohen et al. (5) Analytical methods. Carbohydrates in fermentation broth were determined by high-pressure liquid chromatography (HPLC) with an HPX-87H column (Bio-Rad) at 30°C at a flow rate of 0.4 ml/min in 5 mM H2SO4 as the eluent. Peaks were identified by comparison with those of reference chemicals and confirmed by adding known concentrations of these chemicals to increase the sizes of particular peaks in samples of fermentation broth. Ca-25DKG concentrations were also determined by the NH40H-HCl method, as described by Sonoyama et al. (22) . As Asn-Tyr-Glu-Asn-Glu-Ser, and a 14-mer (5'-GCYTGNG-GRAARTA [pool 3], of 32-fold degeneracy, corresponding to the amino acid sequence Tyr-Phe-Pro-Gln-Ala, were synthesized; R indicates either A or G, Y indicates either C or T, and N indicates A, G, C, or T. DNA isolated from Corynebacterium sp. strain SHS752001 was treated with the restriction endonuclease Sau3A so as to give incomplete digestion of the DNA by the enzyme. The DNA fragments were separated by agarose gel electrophoresis, and those having sizes between 2 and 5 kilobases (kb) were removed from slices of the gel by electroelution. The Sau3A-generated fragments were ligated to plasmid pUC8 (25) which had been cleaved with BamHI and dephosphorylated by treatment with alkaline phosphatase. The mixture of recombinant plasmids, having an average insert length of 4 kb, was transformed into E. coli JM83, and 20,000 individual colonies were examined for their ability to hybridize with the pools of oligonucleotides (27) . Two transformant colonies were detected carrying plasmids which hybridized to pools 1, 2, and 3. One of these plasmids, pCBR13, which had an insert of 3 kb, was used for subsequent work. A 2-kb fragment generated by the treatment of pCBR13 with EcoRI and BamHI was sequenced by the Maxam and Gilbert procedure (15) . The DNA sequence comprised an open reading frame encoding 277 amino acids, which included the N-terminal sequence and a cyanogen bromide-generated fragment, as determined by sequencing of peptides derived from the purified enzyme (Fig. 1) .
Plasmid pCBR13 was transformed into E. coli EC465 (a RecA derivative of RB791 [4] ), a laqIq strain which overproduces the lacI repressor and should therefore repress the transcription of genes controlled by the lac promoter. The plasmid was also transformed into E. citreus SHS2003 (T. Sonoyama by the procedure of Cohen et al. (5) . Erwinia transformants were selected on plates of LB-agar containing ampicillin (40 ,ug/ml).
Transformants were tested for their ability to produce antigens cross-reacting with antibodies raised against 25DKG reductase isolated from Corynebacterium sp. strain SHS752001. Cellular proteins separated by polyacrylamide gel electrophoresis were transferred to nitrocellulose filters and treated with anti-25DKG reductase antibody. The position of antibodies binding to proteins in the filter was revealed by treatment with either 251I-labeled staphylococcal protein A or peroxidase-conjugated anti-rabbit immunoglobulin. Extracts of the E. punctata and E. coli strains transformed with pCBR13 included a protein of molecular weight 29,000 which reacted with antibodies to the Corynebacterium sp. 25DKG reductase (Fig. 2) . E. punctata(pCBR13) and E. citreus(pCRBR13) produced similar amounts of 25DKG reductase, as determined by Western blotting. None of the extracts made from the same strains lacking pCBR13 reacted with the antireductase antibodies, nor did extracts from strains carrying pCBR13 react with preimmune sera.
To determine whether reductase synthesis was controlled by the lac promoter in pCBR13, strain EC465(pCBR13) was grown in L-broth to an A6. of 0.1 and then divided into two cultures, to one of which was added isopropyl-P-D-thiogalactoside (IPTG) to a concentration of 0.5 mM, and incubation of both cultures was continued for a further 2 h. The quantity of reductase protein in cell extracts was determined by comparison with known quantities of purified reductase loaded onto the same gel. The 25DKG reductase constituted 1 to 3% of total cell protein in IPTG-induced E. coli and in uninduced Erwinia, Extracts prepared from cells treated with IPTG had five times more reductase than extracts from untreated cells (Fig. 2) , indicating that synthesis of reductase is at least partly controlled by the lac promoter in pCBR13. Production of 25DKG reductase in E. citreus SHS2003 was unaffected by IPTG. E. citreus SHS2003(pCBR13) was tested for its ability to convert 25DKG to 2KLG. The strain was grown for 18 h in L-broth and then inoculated to an A6. of 0.1 in 10 ml of medium (in 100-ml flasks) containing M9 salts, nicotinic acid (1 ,ug/ml), corn steep liquor (2%, wt/vol), 25DKG (2.5%, wt/ vol), and glycerol (0.4%, wt/vol) and in the same medium lacking glycerol. After 18 h of incubation, the cultures were centrifuged, and the culture supernatant was assayed for 2KLG by HPLC and by conversion to ascorbate. The concentration of 2KLG in the culture supernatant of E. citreus SHS2003(pCBR13) was 0.24% (wt/vol) in the culture containing glycerol and 0.1% (wt/vol) in the culture without glycerol.
Strain E. citreus SHS2003(pCBR13) also converted glucose to 2KLG. The strain was grown in seed medium and then inoculated to an A6. of 0.2 into 100 ml of production medium in a 2-liter flask and incubated at 30°C. Samples were analyzed for 2KLG by HPLC. After 24 h of incubation in production medium, the concentration of 2KLG was 1.5 g/ liter.
Isolation of mutants. E. citreus SHS2003 can use either 25DKG or 2KLG as a sole carbon source for growth. Thus, some of the 25DKG which is synthesized from glucose may be converted to compounds other than 2KLG and may not be available as a substrate for the 25DKG reductase. Similarly, the 2KLG may be converted to other compounds once it is formed from 25DKG. Mutants (22) also described a two-stage fermentation process for producing 2KLG from glucose.
Anderson et al. (1) reported the conversion of glucose to 2KLG by a strain of Erwinia herbicola carrying a reductase gene cloned from Corynebacterium sp. strain SHS0007 (ATCC 31090). The gene for 25DKG reductase described here had 60% base pair homology with that described by Anderson et al. (1) . The enzyme described by them contained 278 amino acids. The amino acid sequences of the enzyme described here and that described by Anderson et al. (1) are compared in Fig. 3 (1) . A gap of one amino acid residue has been introduced (after residue 193) into the sequence of the enzyme from Corynebacterium sp. strain SHS752001, which is the enzyme described in this report. The two sequences have then been aligned for maximum similarity; 78 of 278 amino acids (28%) are identical. The upper sequence is that described by Anderson et al. (1) , and the lower sequence is that of the enzyme described in this report.
The process for converting glucose to 2KLG described here involves the oxidation of glucose to 25DKG and the subsequent reduction of 25DKG to 2KLG. The oxidation of glucose to 25DKG by an Erwinia sp. appears to proceed via gluconate and 2KDG as intermediates (22) . The enzymes carrying out the oxidation of glucose to 25DKG in a Gluconobacter sp. are apparently located on the outer surface of the cytoplasmic membrane (20) , as are the enzymes which convert glucose to 2KDG in Pseudomonas aeruginosa (14) .
These enzymes do not generate NADH or NADPH as a result of oxidizing glucose, gluconate, or 25DKG.
When produced in E. citreus SHS2003(pCBR13) or E. citreus SHS2003(pPL332), the Corynebacterium reductase, which converts 25DKG to 2KLG, is cytoplasmic. The parental strain lacking plasmid pCBR13 or pPL332 evidently has other enzymes which act on 25DKG, as it is able to use it (as well as 2KLG) as a sole carbon source for growth. The mutants described here which convert more 25DKG to 2KLG are unable to grow on medium containing 25DKG or 2KLG as a sole carbon source, presumably because they lack enzymes for the metabolism of these compounds.
Apart from enzymes in the parental strain, which may either compete with the cloned Corynebacterium reductase for the substrate 25DKG or metabolize 2KLG, the product of the reductase reaction, other factors which may limit conversion are the supply of NADPH, the cofactor for the reductase, the rate of uptake of 25DKG, and end product inhibition. The level of conversion described here (49.4% of glucose converted to 2KLG to give a final 2KLG concentration of 19.8 g/liter) is already sufficiently high to suggest that further process development, including the analysis of these potentially limiting steps, could lead to an economical process for 2KLG production.
